BACKGROUND: Decreased heart rate variability (HRV) is a measure of autonomic dysfunction and brain injury in newborns with hypoxic ischemic encephalopathy (HIE). This study aimed to characterize the relationship between HRV and brain injury pattern using magnetic resonance imaging (MRI) in newborns with HIE undergoing therapeutic hypothermia. METHODS: HRV metrics were quantified in the time domain (α S , α L , and root mean square at short (RMS S ) and long (RMS L ) timescales) and frequency domain (relative low-(LF) and highfrequency (HF) power) over 24-27 h of life. The brain injury pattern shown by MRI was classified as no injury, pure cortical/ white matter injury, mixed watershed/mild basal ganglia injury, predominant basal ganglia or global injury, and death. HRV metrics were compared across brain injury pattern groups using a random-effects mixed model. RESULTS: Data from 74 infants were analyzed. Brain injury pattern was significantly associated with the degree of HRV suppression. Specifically, negative associations were observed between the pattern of brain injury and RMS S (estimate − 0.224, SE 0.082, P = 0.006), RMS L (estimate − 0.189, SE 0.082, P = 0.021), and LF power (estimate − 0.044, SE 0.016, P = 0.006). CONCLUSION: Degree of HRV depression is related to the pattern of brain injury. HRV monitoring may provide insights into the pattern of brain injury at the bedside.
H ypoxic ischemic encephalopathy (HIE) is a major cause of death and disability in newborns. Although therapeutic hypothermia has improved outcome in infants with moderate and severe encephalopathy, nearly half of these infants continue to have adverse outcomes (1) . Biomarkers that can provide early insights to help specify the type and pattern of brain injury can provide opportunities for targeted therapies and aid in prognostication.
Currently, magnetic resonance imaging (MRI) is the standard for the assessment of brain injury in newborns with HIE (2, 3) . It has been well established that the pattern of injury shown by MRI relates to later developmental outcomes (4) (5) (6) (7) (8) . Specifically, injury to the basal ganglia and thalamic brain regions has been associated with poor neuromotor outcomes (4, 5) , whereas cortical watershed (WS)-type injuries relate to school-aged cognitive deficits, particularly lower language-related abilities (6) . Although MRI provides detailed information on the location of injury, its sensitivity for reflecting the extent of brain injury in the first 24 h of life has been questioned (4) . Therefore, its use is generally restricted to the subacute period after completion of therapeutic hypothermia when there are fewer factors limiting transport of the critically ill newborn to the scanner. Thus, biomarkers that reflect the pattern of brain injury after hypoxia-ischemia that can be measured during hypothermia treatment can provide key information to the bedside clinician that is currently lacking.
Heart rate variability (HRV) offers a continuous and quantitative method to assess the autonomic nervous system (ANS) non-invasively and has been proposed as a bedside biomarker in newborns with HIE (9) (10) (11) (12) . Prior studies have shown that reduced HRV is associated with severity of brain injury as shown by MRI (9) , abnormal electroencephalogram findings (9, 10) , and poor long-term neurodevelopmental outcome (10) (11) (12) in infants with moderate to severe encephalopathy. These studies have related HRV metrics to the presence and severity of brain injury, but not to the topography of injury. Recently, we demonstrated that injury at both the cerebral cortical and brain stem levels was associated with ANS dysregulation in newborns with various types of brain injury (13) . These findings suggest that autonomic regulation can be mediated by both direct injury to the deep-brain structures including the brainstem as well as to higher-order cortical centers. The aim of this study was to investigate whether HRV is related to the topography of brain injury shown by MRI in newborns with HIE. We hypothesized that HRV depression would be observed in infants with WS-predominant brain injury compared to infants with normal MRI and that the greatest HRV depression would be observed in infants with a basal ganglia/thalamus (BG)predominant pattern of injury.
RESULTS
Of the 80 infants enrolled, 74 had electrocardiogram (EKG) data available during the study period. The remaining infants were excluded because of unavailability of data (n = 4) and death before 24 h of life (n = 2). MRI used for classification was performed at a median age of 10 days (range 3-18). Early MRI was used for classification in 14 infants who did not undergo late MRI because of death or discharge prior to the target window. The distribution of brain injury pattern in order of increasing severity was as follows: 34 infants had no injury (46%); 10 had a pure cortical/white matter injury (WMI) pattern (14%); 6 had a mixed WS/mild BG pattern (8%); 15 had a predominant BG or global injury pattern (20%); and 9 died (12%). Clinical characteristics of the study population are presented in Table 1 .
Detrended Fluctuation Analysis
In bivariate analyses, there were significant associations (Po0.001) between brain injury pattern and all detrended fluctuation analysis metrics ( Figure 1 ). Reduced HRV in the injured groups was shown by a decrease in the value of α S , RMS S , and RMS L and an increase in the value of α L across the increasing injury severity groups. In the model adjusted for covariates, the brain injury pattern remained significantly associated with RMS S (estimate − 0.224, SE 0.082, P = 0.006) and RMS L (estimate − 0.189, SE 0.082, P = 0.021). Encephalopathy grade was also significantly associated with HRV metrics across models (Po0.05).
Spectral Analysis
A decrease in relative low-frequency (LF) power and an increase in relative high-frequency (HF) power was observed across brain injury pattern groups (Figure 2a ,b, Po0.001). Bivariate associations were similarly significant when considering absolute LF and HF power, although absolute HF power decreased across brain injury pattern groups (Figure 2c ,d, Po0.001). After adjusting for covariates, there was a significant negative association between brain injury pattern and relative LF power (estimate − 0.044, SE 0.016, P = 0.006). Encephalopathy grade was also significantly inversely associated with relative LF power and directly associated with relative HF power (Po0.05).
Impact of Seizures on Brain Injury Pattern and HRV Association
Nine infants were subsequently excluded for electrographic seizures during the study period: two with pure cortical/WMI, four with mixed WS/mild BG, one with predominant BG or global injury pattern, and two who died. The associations between brain injury pattern and HRV metrics RMS S (estimate − 0.225, SE 0.088, P = 0.011), RMS L (estimate − 0.198, SE 0.086, P = 0.022), and LF power (estimate − 0.050, SE 0.017, P = 0.004) were similar across these reduced models.
HRV Prediction of BG Injury
Receiver operating curve analyses were performed to determine optimal cutoff points of RMS S , RMS L , and relative LF power for distinguishing infants who died or had significant BG injury (Groups 3 and 4) from those with no BG injury (Groups 0 and 1). Area under the receiver operating curve and predictive abilities are summarized in Table 2 . 
DISCUSSION
Brain injury pattern is associated with reduced HRV at 24 h of life in newborns with HIE who are undergoing therapeutic hypothermia. As expected, presence of global or BG injury was associated with significant HRV depression compared with absence of brain injury. Reduced HRV was also observed with cortical/WMI alone, although to a lesser degree than that seen with global or BG injury. Brain injury pattern was most associated with HRV metrics reflecting the sympathetic component of the ANS (RMS S , RMS L , and LF). These relationships remained significant after adjusting for encephalopathy grade at presentation and after excluding patients with electrographic seizures. These results suggest that monitoring HRV during therapeutic hypothermia may provide bedside insights into the topography of brain injury in newborns with HIE. Our findings of reduced HRV in infants with brain injury are consistent with other studies of HRV in infants with HIE (9-12). In particular, LF power has been associated with adverse neuroimaging and functional outcomes (10) (11) (12) . However, our study is the first to evaluate the association between HRV metrics and pattern of injury, not just presence of injury. This functionality may have important clinical implications, as it has been suggested that pattern of injury shown by MRI is more predictive of outcome than assessment of severity of injury to a particular region alone (5) . It is recognized, however, that our findings may reflect the relationship between HRV and gradations of overall brain injury severity, as patterns of injury may represent a Articles | Metzler et al.
continuum of injury severity. Similarly, the timing of our assessment of cortical injury shown by MRI may limit our ability to make firm conclusions about cortical injury in vivo and its relation to HRV in real time. However, that these findings could reflect a mechanistic link between regional injury and cerebral inputs regulating autonomic control of heart rate is consistent with animal and human studies that have described the role of the cortical autonomic network in the regulation of HRV (14, 15) . We speculate that the depression of HRV in infants with isolated cortical injury supports the notion that cerebral cortical inputs are involved in the regulation of the ANS by term gestation (13) . Although our findings cannot confirm this mechanistic link, these data can provide ranges for HRV metrics that can reflect the risk for basal ganglia/thalamic injury (BG) vs. WS involvement for the bedside clinician. The relationship between HRV and topography of brain injury further strengthens its utility as a bedside monitoring tool. Although MRI provides high anatomical resolution, its limited accessibility during the first 24 h of critical illness limits its temporal resolution (4) . Despite improved access in neonatal intensive care units experienced with transport to the MRI suite, its use remains impracticable in the most critically ill patients. HRV analysis, alternatively, allows for real-time assessment of injury severity, and possibly topography of injury, at the bedside. These insights could be helpful to direct therapies for individual patients during the acute and subacute periods, optimizing opportunities for intervention within the therapeutic window.
It has been suggested that topography of injury may indicate the etiology of particular insults. For example, whereas a global or BG-predominant pattern has been associated with acute profound asphyxia (5, 16, 17) , cortical and focal/multifocal WMI has been more commonly described in patients with accompanying chorioamnionitis or placental insufficiency (18) . As these variable insults may be amenable to alternative neuroprotective strategies, early stratification of patients by brain injury pattern can have therapeutic implications. Brain injury pattern may in itself indicate responsiveness to cooling, as it has been suggested that alternative cooling regimens may be selectively neuroprotective for cortical vs. deep brain structures (19) (20) (21) . Pattern of injury is also important for prognostication. Basal ganglia and/or thalamic injury have been associated with adverse motor outcomes and cerebral palsy (5, 17) . Conversely, injury to the WS regions has been associated with cognitive deficits at 30 months of age (5) as well as at 4 (ref. 6) and 11 years of age (22) . Thus, early insights into the pattern of injury may guide expectations for developmental phenotypes (5) . We have not yet correlated our brain injury patterns with neurodevelopmental outcome. This correlation is needed and assessment is ongoing. Future analyses will need to assess the additive value of HRV monitoring over standard bedside assessments including clinical examination and electroencephalogram.
This study has several limitations. As the exact mechanisms mediating HRV after a hypoxic ischemic insult are complex, the covariates we chose are not all encompassing. For example, intrinsic myocardial dysfunction may be an important factor in HRV depression in babies with HIE. Although we adjusted for vasopressor use, we did not account for the dose or cumulative amount of vasopressors required, nor for other indices of cardiovascular instability. Similarly, it is recognized that the respiratory oscillations can have an impact on heart rate and HRV (23) . Given the neonatal respiratory rate falls within the HF band interrogated, the relationship between HF power and brain injury observed in our unadjusted analyses may reflect increasing ventilator dependence in the infants with more severe brain injury. We are unable to remove ventilator-related oscillations from the heart rate. Whereas previous studies have used the spectral power around the breathing frequency as the representation of HF power (23, 24) , this approach focuses on quantifying ventilator-related oscillations rather than all the components of parasympathetic tone that are believed to reside within the more conventionally defined HF band used in this work. While we are developing methods to isolate respiratory oscillations to remove these effects from quantification of HRV in the HF band, we have to consider the effect of the ventilator oscillations on heart rate as a limitation of this study. As mentioned, our study is unable to differentiate association and causation. Whether regional injury differentially influences autonomic function is unclear; however, these data do provide estimates of HRV metrics that correlate with different patterns of brain injury. Although we entered into statistical analyses with a large number of observations given the repeated measures over time in subjects, we acknowledge that the sample size was limited, particularly in the mixed cortical/mild BN group. Larger studies will need to confirm these findings in order to provide practical benchmark ranges that can signify brain injury categories with reliability. Generalizability of these analyses may be affected by the distribution of injury pattern; however, the frequencies of different injury patterns were comparable to other studies in newborns with HIE treated with hypothermia (8, 25) . Finally, it should be recognized that MRI was the tool used for assessment of brain injury in this study and that these findings may differ when considering long-term developmental outcome phenotypes.
CONCLUSIONS
Pattern of brain injury relates to the degree of HRV depression in newborns with HIE. Evaluation of the degree and pattern of brain injury may be aided by real-time HRV monitoring in HIE infants undergoing therapeutic hypothermia.
METHODS

Study Population
Infants with HIE undergoing therapeutic hypothermia were included from a prospective observational study evaluating biomarkers of brain injury. Inclusion criteria were based on the modified National Institute of Child Health and Human Development criteria: gestational age at birth ≥ 35 weeks, birth weight ≥ 1,800 g, metabolic acidosis and/or low Apgar score in the setting of a perinatal sentinel event, and moderate to severe encephalopathy based on modified Sarnat criteria (1) . Infants were systemically cooled to 33.5°C for 72 h and rewarmed to 0.5°C/h over 6 h (Blanketrol II, Cincinnati Sub-Zero, Cincinnati, OH). The Children's National Health System Institutional Review Board approved the study, and informed consent was obtained from the parent of each participant.
Data Collection
Clinical and demographic data were collected from the birth hospital and study-site medical records. Continuous EKG recordings were obtained from the bedside cardiorespiratory monitor (Philips IntelliVue MP70, Andover, MA). For infants enrolled before 24 h of life, EKG recordings were prospectively collected at a sample rate of 1,000 Hz using a custom software developed in LabView (National Instruments, Austin, TX). Otherwise, EKG data were collected if available from an institutional Research Data Export archive (IntelliVue Information Center, Philips Healthcare, Andover, MA) at a sample rate of 125 Hz. We focused on EKG data from 24 to 27 h of life based on our prior work, demonstrating this as a key time period during which HRV best discriminates between outcome groups (11) .
EKG Processing
To attenuate the noise and to correct for the baseline shifts, the EKG was bandpass-filtered between 0.5 and 60 Hz using a Butterworth filter with zero-phase distortion. The R-wave (a wave with maximum amplitude of the cardiac cycle) was identified using a combination of Hilbert transform and the adaptive threshold detection approach (26) , and beat-to-beat interval (RRi) was calculated. The artifacts in the RRi were cleaned using a recently proposed data-driven approach (27) . The artifact-free RRi's were partitioned into 10-min epochs. All analyses were performed offline using MATLAB (MathWorks, Natick, MA).
Detrended Fluctuation Analysis
Detrended fluctuation analysis involves the following four steps: (i) removing the average value of the data and calculating the profile function, which is a cumulative sum of the data; (ii) dividing the profile function into time windows, each containing snumber of beats; (iii) fitting a polynomial function to the profile inside each window and calculating the local fluctuation as the root mean square deviation of the profile from the best fit; (iv) averaging the local fluctuation function over all windows to get an overall fluctuation function. For power-law-correlated signals such as RRi, the fluctuation function varies with the window size s. The fluctuation exponent is calculated as the slope of the fluctuation function. In this work, we used a fourth-order polynomial to detrend the RRi and calculated the following metrics: α S (15-50 beats), α L (100-150 beats), RMS S (15-50 beats), and RMS L (100-150 beats); (ref. 28 ). The α metrics characterize the autocorrelations in the data, whereas the RMS metrics characterize the variability in the data. For less variable data, RMS and α S values will be low, and for more redundant data the α L metric value will be high.
Spectral Analysis
For spectral analysis, the RRis in each 10-min epoch were interpolated using cubic spline with a sample rate of 4 Hz and converted into evenly sampled data. To estimate the power spectrum of RRi in a 10-min window, we used a Welch periodogram approach with a frequency resolution of 0.016 Hz. In this approach, we partitioned the RRi into 1-min nonoverlapping epochs. For the RRi in each epoch, we subtracted the mean and normalized it by the SD to mitigate the effects of non-stationarity as described previously (29) . In each window, we calculated the periodogram as the square of the magnitude of the Fourier transform of the RRi. To obtain an estimate of the power spectrum, we averaged the periodograms over all 1-min epochs. The sum of powers in LF (0.05-0.25 Hz) and HF (0.3-1 Hz) bands was calculated. The normalized or relative powers were calculated by dividing the spectral powers by the total power in order to minimize the effect of changes in total power on the estimations of LF and HF components (30) . The total power was defined as the sum of powers in the frequency band of 0.05-2 Hz (11, 28, 29) .
In summary, reduced HRV is associated with lower values for the HRV metrics α S , RMS S , RMS L , and LF, and higher values for the metrics α L and HF (11, 28, 29, 31) .
MRI
MRI was performed on a 3T scanner (Discovery MR750, GE Healthcare, Milwaukee, WI). In surviving infants, imaging was performed at the target age of 3-5 and 10-12 days as per our institutional protocol. An experienced neuroradiologist (G.V.) who was blinded to each infant's clinical status reviewed the MRI scans and scored the images according to a previously defined system (4) . The degree of BG injury was assigned a score from 0 to 4, and the degree of cortical WS injury was assigned a score from 0 to 5. From these scores, infants were classified according to the predominant pattern of injury as previously described (5): total brain injury (maximum BG and WS score), BG-predominant (BG ≥ WS) injury, or WS-predominant (WS4BG) injury. The WS group was further divided into infants with pure cortical/WMI and infants with mixed WS/mild BG injury. Infants who died prior to hospital discharge were grouped separately. Because of the small number of patients with global injury (n = 3), these patients were grouped with the BNpredominant infants for the purposes of analysis as these patterns of injury have been linked to more severe outcome phenotypes. The score from the later MRI was used for classification of injury pattern, unless only the early MRI was completed.
Statistical Analysis
Clinical characteristics were analyzed using the standard measures of central tendency. HRV metrics were compared across the five brain injury pattern groups (0 = no injury, 1 = pure cortical/WMI, 2 = mixed WS/mild BG, 3 = predominant BG or global injury, and 4 = died) using Kruskal-Wallis tests. In addition, a random-effects mixed model was performed in order to adjust for the repeated measures in each subject and six of the most relevant covariates: gender, gestational age at birth, birth weight, encephalopathy grade, seizures during the study period, and use of vasopressors. The HRV metrics were log-transformed to satisfy the normality assumption. Secondarily, a sensitivity analysis was performed excluding patients with documented electrographic seizures during 24-27 h of life (n = 9), as there is evidence that there are heart rate characteristic changes around the time of seizures (32, 33) . For those metrics that were significantly associated with brain injury pattern, we also performed receiver operating curve analyses to establish HRV cutoff points that could distinguish infants who died or had significant BG injury (groups 3-4) from those without BG injury (groups 0-1). We analyzed data from 74 infants prospectively enrolled in a study by evaluating biomarkers of brain injury in HIE. For these analyses, this sample size proved to have 0.87 power to detect significant associations (Po0.001) between brain injury pattern and all detrended fluctuation analysis metrics and spectral analysis metrics. Statistical analyses were performed using SAS 9.3 (SAS Institute, Cary, NC).
